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Complement-targeted therapeutics

Daniel Ricklin & John D Lambris

The complement system is a central component of innate immunity and bridges the innate to the adaptive immune response.
However, it can also turn its destructive capabilities against host cells and is involved in numerous diseases and pathological
conditions. Modulation of the complement system has been recognized as a promising strategy in drug discovery, and a large number
of therapeutic modalities have been developed. However, successful marketing of complement-targeted drugs has proved to be more
difficult than initially expected, and many strategies have been discontinued. The US Food and Drug Administration’s approval of
the first complement-specific drug, an antibody against complement component C5 (eculizumab; Soliris), in March 2007, was a
long-awaited breakthrough in the field. Approval of eculizumab validates the complement system as therapeutic target and might

facilitate clinical development of other promising drug candidates.

When the bactericidal properties of certain heat-labile blood components
were initially described more than a century ago!, no one could have
imagined the considerable impact the complement system would have
on both immunology and our understanding of many disease processes.
Even the name “complement,” originally coined by Paul Ehrlich?, implied
only a supplementary role of this system in the defense against microbial
intruders. However, continued progress in research has led to a dramatic
change in our knowledge about the complement system and moved it
into the spotlight of basic and applied life sciences.

Today it is clear that complement is a key player of the innate immune
system. However, this integral position in the maintenance and regula-
tion of immune and inflammation reactions also makes it a trigger point
for a variety of pathologic conditions. Erroneous activation or insuf-

actions against the host’s cells. As a consequence, many inflammatory

l, .I ficient regulation of the complement cascade may turn its destructive

= and autoimmune diseases are thought to be caused, or at least supported,

by unleashed complement. Inhibition or modulation of complement
activity has therefore been recognized as a promising therapeutic strategy
for many years.

Although many creative attempts to design complement-specific drugs
have been made in recent decades, their development from experimental
concept to clinical product has faced many obstacles. In light of these
complications, most of the major pharmaceutical companies seem to
have abandoned their initial efforts to develop drugs that target comple-
ment. Despite its bitter taste, this decision has encouraged a series of
small startup companies in the biotechnology field to take up the chal-
lenge. The first results of this commitment are now visible and may well
lead to a revival of this difficult but promising area of drug discovery.
With its 2007 approval of an antibody against complement component
C5 (eculizumab; Alexion, Cheshire, CT, USA), the US Food and Drug
Administration (FDA) has now authorized the first complement-specific
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drug’. Many other promising drug candidates and therapeutic strategies
are currently in the pipeline of various companies. The aim of this review
is to provide an overview of current therapeutic strategies, with a focus
on drug candidates that are in clinical trials (Table 1) or late preclinical
development (Table 2).

The complement system in innate and adaptive immunity

With an estimated age of 600—700 million years, the complement system
is one of the most ancient defense strategies?, yet it represents far more
than merely a simple protection mechanism against microbial infec-
tions. As an essential connection between adaptive and innate immunity,
complement components are able to orchestrate immune reactions by
communicating with multiple immune cells (Fig. 1). In addition, comple-
ment contributes to the maintenance of homeostasis by recognizing and
eliminating apoptotic and necrotic cells. Furthermore, through its activ-
ity, the solubility of circulating immune complexes is maintained, thereby
facilitating their elimination®~.

As a first line of defense against pathogens, complement has to quickly
detect, tag, destroy and eliminate microbes. This task can be accomplished
only by a complex and tightly regulated assembly of proteins involving
various soluble and surface-bound complement components, receptors
and regulators (Fig.2). Complement activation is usually initiated by the
interaction of several pattern-recognition receptors with foreign surface
structures. Depending on the activation trigger, the complement cascade
follows one of three pathways: the classical, lectin or alternative pathway.

The recognition of antibody complexes on the surface of pathogens,
mediated by the multimeric collectin C1q, was early recognized as ini-
tiator of an enzymatic cascade that was later termed classical pathway.
In the related lectin pathway, complement activation is initiated by an
interaction of mannose binding lectin (MBL) with high-density arrays
of terminal mannose on bacterial surfaces. In both cases, these pattern-
recognition proteins form complexes with serine proteases (C1r/Cls and
MASP, respectively) that lead to the cleavage of C4 to its fragments C4b
and C4a. After binding of C2 to C4b, the same protease complexes are
responsible for generating the active C2a fragment, which is part of the
classical pathway C3 convertase (C4bC2a; Fig. 2a). To guarantee instant
response to pathogens, the cascade is constantly kept at a low level of
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Figure 1 The complement system as a bridge between innate and adaptive
immunity. Although the complement system has traditionally been considered
part of the innate immune system, research in recent decades has revealed
that complement is able to activate cells involved in both the adaptive and
innate immune response. Complement triggers and modulates a variety

of immune activities and acts as a linker between the two branches of the
immune response. In addition, the complement system maintains cell
homeostasis by eliminatiing cellular debris and immune complexes.
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activity— tick-over’—by the alternative pathway. Spontaneous hydrolysis
of C3 to C3w induces a conformational change that enables binding to
factor B and formation of the initial alternative pathway C3 convertase
(C3wBD; Fig. 2a). The alternative pathway may represent up to 80% of
complement activation in some instances and can also be triggered by
various reactions with foreign surfaces.

All three pathways converge in the cleavage of C3 into its active frag-
o ments, C3a and C3b, by the C3 convertases. Formation of C3b exposes
a previously hidden thioester group that covalently binds to patches
of hydroxyl and amino groups on the pathogen surface. This process,
termed opsonization, is critical for all subsequent steps in the comple-
ment cascade and the elimination of pathogens and apoptotic host cells
by phagocytes. In an amplification loop, binding of factor B to surface-
bound C3b and its cleavage by factor D generates the alternative pathway
C3 convertase C3bBb, which causes a gradual acceleration of C3b pro-
duction. Surface-tethered C3b also plays a central role in the formation
of the two C5 convertases (C4bC2aC3b and C3bC3bBb), which cleave
C5 into C5a and C5b. C5b initiates the assembly of the membrane attack
complex (MAC), a pore that is formed by components C5b, C6, C7, C8
and multiple units of C9 and ultimately leads to cell lysis. The anaphyla-
toxins C3a and C5a, generated as a result of proteolytic cleavage of C3
and C5, respectively, are potent inflammatory mediators that trigger a
plethora of processes, which culminate in the stimulation of immune
cells and the elimination of the pathogen®.

Despite years of intensive research in this field, our picture of comple-
ment activation seems to be far from complete. Very recently, additional
activation pathways have been identified: for example, MBL-associated
protease 2 (MASP-2) of the lectin pathway seems to directly attack and
cleave C3 without formation of the corresponding C3 convertase (C2
bypass pathway; Fig. 2a)!°. Similarly, direct cleavage of C3 and C5 by
a series of extrinsic proteases such as kallikrein or thrombin (extrinsic
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protease pathway; Fig. 2a), has also been proposed. This activity points to
an interesting connection to other essential plasma cascades such as the
coagulation system'!. Finally, properdin seems to not only stabilize the
C3 convertase as a positive complement regulator but may also act as a
pattern-recognition molecule and actively induce convertase formation
on foreign surfaces'>13,

One of the most fascinating aspects of complement is the sophisticated
regulation mechanism that allows a rapid reaction to pathogenic intrud-
ers while protecting host cells from its destructive potential. After activa-
tion, the opsonization rates often reach several thousand C3b molecules
per cell per minute. In principle, this attack is not specifically directed
against foreign cells. However, interplay of time, location and molecule-
based regulation mechanisms generally prevents the complement cascade
from attacking host tissues. Both the thioester group of C3b and the C3
convertases have short half-lives, limiting their action to the site of acti-
vation. Whereas the convertase is actively stabilized on foreign cells by
properdin (Fig. 2a), a set of soluble and membrane-bound negative regu-
lators inactivates and degrades active molecules on host cells (Fig. 2b).
These structurally related regulators of complement activation include
factor H, decay accelerating factor (DAF/CD55), membrane cofactor pro-
tein (MCP/CD46), C4-binding protein (C4BP) and complement receptor
1 (CR1/CD35). These regulators either induce an accelerated decay of the
convertases (DAF, CR1, factor H) or act as cofactors for factor I, which
degrades C3b to its inactive form iC3b (MCP, CR1, factor H). An addi-
tional regulator of complement activation, CD59, prevents the formation
of MAC by intercalating between C8 and C9 subunits (Fig. 2b)>!415,

Complement’s involvement in disease

The central role of complement in the orchestration of immune reactions
inevitably renders it a target for immune evasion or attack by pathogens
and also a contributor to many diseases. Even small disruptions in the
delicate balance of activation and regulation can lead to an overreaction
of complement that triggers inflammation and cell lysis. Many inflam-
matory, autoimmune, neurodegenerative and infectious diseases have
been shown to be associated with excessive complement activity (Fig.
3). Complement involvement is usually complex and may include both
an inappropriate initiation of the cascade and deficiencies in specific
components or regulators®!®17,

Ischemia/reperfusion (I/R) injury is a severe consequence of conditions
that lead to a deprivation and subsequent restoration of the tissues’ blood
supply; I/R injury can occur in a number of clinical conditions, including
acute myocardial infarction, stroke, and hemorrhagic and septic shock,
and may also be a complication of coronary artery bypass graft surgery.
Paradoxically, it appears that the tissue reperfusion and not the ischemia
activates complement and leads to inflammation-induced damage. Even
though the exact involvement of complement activation in I/R injury is
still unclear, several experimental studies have indicated a connection
between complement and the pathogenesis of I/R injury, and have sug-
gested complement inhibition as a potential therapy!8.

Complement seems to be a major contributor to a number of autoim-
mune diseases. For example, deposition of immune complexes during
systemic lupus erythematosus initiates the classical pathway by binding
of Clq (Fig. 2b) to these complexes'®. A similar mechanism may also
be involved in the pathogenesis of rheumatoid arthritis, and C5a (Fig.
2b) seems to have a major role in psoriasis and complement-mediated
inflammatory diseases including asthma?’. Complement activation by
C1q, which acts as a pattern-recognition receptor for amyloidal plaques,
has been correlated with the pathology of Alzheimer’s disease?!. Although
complement also seems to be involved in other neurodegenerative dis-
eases such as Huntington’s disease or Parkinson’s, the exact connection
is less clear?!.
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Figure 2 Activation, regulation and therapeutic modulation of the complement system. (a) The complement cascade after activation by pathogens. In addition to
a low level of constant activation by the alternative pathway (AP; tick-over via hydrolyzed C3 (C3w) results in the formation of the initial C3 convertase C3wBb),
the complement cascade is usually activated by antibody complexes (classical pathway) or high-density mannose (lectin pathway) on the surface of pathogens.
This activation leads to the formation of the C3 convertases C4bC2a and C3wBb, which cleave native C3 to C3b and C3a. Deposition of C3b on cell surfaces

via its thioester group initiates the cleavage of more C3 (the amplification loop via the final AP C3 convertase C3bBb), opsonization and phagocytosis, as well as
lysis as a result of the formation of the membrane attack complex (MAC). In addition, the anaphylatoxins C3a and C5a are released and trigger further immune
reactions upon binding to their receptors (C3aR, C5aR, C5L2). These combined actions of complement lead to the elimination of pathogenic cells. Recently,
studies have shown that some steps of the cascade can be directly initiated by certain proteolytic enzymes (the extrinsic protease pathway) or by MBL/MASP
(the C2 bypass pathway). Furthermore, the regulatory protein properdin may propagate and stabilize the formation of C3 convertases on the surface of the cell.
Protein conversions are shown as black arrows and enzymatic reactions as green arrows. (b) Regulation, deactivation and inhibition of the complement cascade
on host cells by natural regulators and complement-specific therapeutics. Several pathogenic processes and diseases are the result of an erroneous activation or
insufficient downregulation of the complement cascade. Under normal conditions, any host-associated C3 convertase (C3bBb) undergoes an accelerated decay
mediated by complement receptor 1 (CR1), decay accelerating factor (DAF), C4b-binding protein (C4BP) or factor H (fH). C3b is degraded to inactive iC3b by
factor | in a reaction that requires as cofactor CR1, fH, C4BP or membrane cofactor protein (MCP). In addition, CD59 prevents the formation of the MAC. Some
of the therapeutic interventions focus on increasing this downregulation by using soluble forms of these regulators (that is, sSCR1, sDAF, sMCP, sCD59). Other
approaches involve the substitution of the natural C1 inhibitor (C1-INH), the inhibition of the central conversion of C3 to C3b and C3a (compstatin), blockage of
C5 or Cbha by antibodies, and the suppression of anaphylatoxic signaling by Cba receptor antagonists. For clarity, only the regulation of the alternative pathway,
which may contribute up to ~80% of all complement activity, is shown here. The C3 convertase of the classical pathway (C4bC2a), as well as the C5 convertases
(C4bC2aC3b and C3bC3bBb), can be modulated by the same regulators and drug compounds. Therapeutic modulators in clinical trials or late preclinical
development are indicated in red, with the circled letter referring to the corresponding drug class in Tables 1 and 2 and the main text.
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Figure 3 Examples of pathological conditions involving the complement system. Erroneous activation or
insufficient regulation of the complement cascade may lead to an attack by the immune system against
self-tissue. Many autoimmune, inflammatory and ischemia/reperfusion (I/R) injury-related diseases are
therefore connected with complement. Whereas some of these pathological conditions are localized to
specific organs and tissues, many of them are systemic. In addition, some pathogens have found ways
to evade or even misuse the complement system, thereby contributing to infectious diseases and their

consequences.
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peptides, nucleotides) and biotechnology
startups that are involved in the current drug
development process (Tables 1 and 2). Finally,
the optimal target within the complement
cascade (Fig. 2b) and the extent of inhibition
has to be critically defined for each indication.
Suppressing pathogenic complement activity
without compromising its defensive and immu-
nomodulatory functions might be one of the
most delicate challenges when treating chronic
conditions. Intervention at the activation level
may require a highly specific approach, for
example, inhibiting the recognition of amyloid
plaques by Clq in the case of Alzheimer’s dis-
ease. However, inhibition of a single pathway
may be insufficient for many diseases and can
still put pathogen defense at risk. Inhibition of
C3 and its convertase potentially has the broad-
est effect, because it blocks all terminal activ-
ity of complement as well as the amplification
loop. However, this nearly complete blockage
may also lead to adverse effects and therefore
favorslocal or targeted applications. Prevention

Alterations in the expression and functions of complement regula-
tors may be another cause of complement-related diseases. For example,
polymorphism and mutations in genes encoding factor H (Fig. 2b) are
associated with age-related macular degeneration (AMD), the major
cause of blindness in industrial nations, and atypical hemolytic uremic
syndrome (aHUS), respectively?. Low plasma levels of C1 inhibitor have
been found to be responsible for hereditary angioedema (HAE)?>>?4, and
alack of CD59 (Fig. 2b) on erythrocyte surfaces causes paroxysmal noc-
turnal hemoglobinuria (PNH)?.

Finally, a series of pathogens have found ways to evade or even hijack
complement proteins. Microbial proteins that either inhibit complement
components or mimic regulators have been identified in both viruses

aureus, Streptococcus pneunoniae)>26=30,

l, .I (e.g., HIV, smallpox, Epstein-Barr virus) and bacteria (e.g., Staphylococcus

Druggability of complement

The central role of complement in the pathophysiology of major diseases
makes it an interesting target for the pharmaceutical industry. However,
despite numerous attempts in recent years to inhibit or modulate comple-
ment therapeutically!”31-34, the success rate has been disappointingly
low. Before the recent approval of complement-specific drugs, many
promising candidates encountered insuperable obstacles while in clini-
cal development. Inevitably, this high attrition rate raises questions about
what renders complement drug discovery such a difficult task.

The multifaceted nature of both the cascade and its disease involve-
ment may be one central problem. Many questions about the exact
disease-related mechanisms of complement, both at the molecular and
clinical level, are still unresolved, and this lack of clarity complicates spe-
cific targeting. “Druggability” (Box 1) is another major issue. Traditional
drug discovery aims for small molecular entities with the potential for
oral administration, yet many critical steps in the complement cascade
are fundamentally based on large protein-protein interactions, which
are challenging to influence with small molecules®>. Anaphylatoxin
receptors and serine proteases are the only complement targets with an
auspicious druggability potential. This limitation may also explain the
exceptionally high number of biopharmaceuticals (proteins, antibodies,
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of terminal complement action, for example, by

inhibiting C5a formation and binding, is highly
specific but requires the most information about the target involved.
Finally, supplementation or inhibition of complement regulators may
offer a more physiologic and specific way to modulate complement activ-
ity, especially in the treatment of chronic diseases.

Current complement therapeutics

A number of promising approaches for the clinical substitution, inhi-
bition or modulation of complement have been developed and are
presented in the following sections. We have classified complement
therapeutics that either have been in clinical trials (Table 1) or are in the
late steps of preclinical development (Table 2) into five major categories
according to the mechanism of action (labeled a—e in Tables 1 and 2,
and Fig. 2b).

Serine protease inhibitors. The consecutive cleavage and activation
of several proteases constitutes the driving force behind complement
function. Eight serine proteases are integral elements of the complement
cascade itself (Clr, Cls, C2a, MASP-1, MASP-2, factor D, factor B, factor
1)36, whereas others are involved through the extrinsic protease path-
way (Fig.2)!!. Because proteases are among the most druggable targets
in the complement system (Box 1), it is not surprising that early drug
development efforts focused on protease inhibitors®’. Although screen-
ing- and structure-based approaches resulted in drug candidates for
factor D (BCX-1470, BioCryst, Birmingham, AL, USA)3® and Cl1s (Cls-
INH-248, Knoll/Abbott, Abbott Park, IL, USA)3?, short half-lives and a
lack of specificity have thus far prevented the successful development of
small-molecule protease inhibitors for the treatment of complement-
related disorders.

The only complement-associated protease inhibitor currently on the
market is C1-inhibitor (C1-INH), a heavily glycosylated plasma protein
that is used in the treatment of HAE?2440:41, This disease is character-
ized by recurrent episodes of severe skin and mucous membrane edema
and is caused by either an insufficient production of CI1-INH (type 1)
or a mutation around its binding site that leads to inactivity (type 2). In
both types, therapeutic supplementation of this protein has proven to be
an effective and safe treatment for HAE and helps prevent severe disease

NOVEMBER 2007 NATURE BIOTECHNOLOGY
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relapses and life-threatening complications*>43,

A third HAE type of unknown etiology and low
Product (company)
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Table 1 Complement therapeutics on the market or in clinical trials

Activity Stage of development

prevalence does not benefit from supplementa-
Protease inhibitors (A)

tion, because it is not dependent on C1-INH
activity**, Although C1-INH gained its name
from its ability to block the serine esterase activ-
ities of Clr and C1s%, its specificity includes
other proteases, such as MASP, kallikrein and
coagulation factors XI and XII. Although

C1-INH

Behring, Lev Pharma)

Rhucin/rhC1INH
(Pharming Group N.V.)

(Cetor/Sanquin, BerinertP/CSL

Marketed (HAE)?; clinical phase
3 (HAE)?; preclinical/phase 1 for
other indications (AMI, CABG)

Clinical phase 3 (HAE)

Purified plasma protein; inhibition
of C1r/C1s, kallikrein and other
proteases

Recombinant human C1-INH from
transgenic rabbits

Soluble complement regulators (B)

plasma levels of C2 and C4 are clearly affected
by HAE, the primary mechanism of C1-INH
seems to be more closely associated with bra-
dykinin-kallikrein than with the complement
system?®. However, there is increasing evidence

sCR1/TP10

CAB-2/MLN-2222

(Avant Immunotherapeutics)

(Millenium Pharmaceuticals)
Therapeutic antibodies (C)

Extracellular part of CR1; decay Clinical phase 2 (CABG)P

accelerator, factor | cofactor

Chimera of DAF and MCP; decay
accelerator, factor | cofactor

Clinical phase 1 (CABG)P

that therapeutic administration of C1-INH
may also be beneficial in other disorders with a
direct connection to complement, such as I/R

Eculizumab/ Soliris
(Alexion Pharmaceuticals)

Pexelizumab

injury?1:46-48, (Alexion Pharmaceuticals)
Whereas pasteurized C1-INH concentrates Ofatumumab
(Genmab A/S)

for the treatment of HAE have been available

Marketed (PNH), preclinical for
other indications

Clinical phase 3 (AMI, CABG)P

Humanized long-acting mAb
against C5
Humanized short-acting mAb
against C5

Humanized anti-CD20 mAb Clinical phase 2

Complement component inhibitors (D)

since 1985, a lack of licensed products still
limits the accessibility of this treatment in sev-
eral countries, including the United States®>.

Compstatin/POT-4

Receptor antagonists (E)

(Potentia Pharmaceuticals)

Peptidic C3 inhibitor; no genera-  Clinical phase 1 (AMD)

tion of C3a/C3b

Fortunately, annotation of orphan drug status

Peptidic CbaR antagonist Clinical phase 2 (RA, psoriasis)

by the FDA (Box 2) and licensing agreements fP'\g);’;th Ltd)
with established providers have boosted the ’
. . .. Other
development and registration of this impor- MBL
r

tant drug, and its approval in the United States (Enzon Pharmaceuticals)

Recombinant human MBL as sub-
stitution therapy

Clinical phase 1b (MBL
deficiency)

is imminent*. Current C1-INH formulations
are still being improved®’, for example, by the
use of nanofiltered concentrates that feature
better safety with regard to viral contamina-
tion. The high production costs and extensive
quality control requirements for plasma-derived C1-INH still makes it
an expensive treatment option and will certainly limit its availability in
poorer countries. Development of a recombinant form, which is isolated
as a glycosylated protein from the milk of transgenic animals, may be
an important step in overcoming these limitations®!. Experience with
C1-INH in the clinic and its good safety profile are expected to lead to
an extension of its indications. For example, clinical trials regarding the
use of C1-INH for the prevention of I/R injury after acute myocardial
infarction are currently planned.

Soluble complement regulators. Because regulators of complement
activation are natural modifiers of complement activities and prevent a
host cell from being attacked by its own defense system, they have been
considered for therapeutic use since the early stages of complement drug
discovery>2. A first breakthrough was reached with the expression of a
soluble form of complement receptor 1 (sCR1)>*. This molecule fea-
tured both decay accelerator and cofactor activity and had a high potency
in inhibiting both the classical and alternative pathways. sCR1 showed
promising results in the treatment of I/R injury and various other condi-
tions in experimental animal models. Based on these encouraging results,
sCR1 was developed as a therapeutic (TP10; Avant Immunotherapeutics,
Needham, MA, USA) for use after coronary artery bypass graft surgery.
TP10 is expressed as a 240-kDa glycoprotein in Chinese hamster ovary
cells, has a plasma half-life of ~55 hours and is safe and well-tolerated in
both adult and infant patients®*. In a large placebo-controlled phase 2
trial, comprising 564 high-risk patients undergoing cardiac surgery, a sin-
gle intravenous bolus of TP10 immediately before surgery was found to
inhibit complement activation for up to 3 days postoperatively. Whereas

NATURE BIOTECHNOLOGY VOLUME 25 NUMBER 11 NOVEMBER 2007

aC1-INH preparation are only approved in some countries, whereas they are in clinical phase 3 in the USA. PClinical tri-
als have recently been performed but no product development has been undertaken since then, or the development was
officially discontinued. AMD, age-related macular degeneration; AMI, acute myocardial infarction; CABG, coronary artery
bypass grafting; HAE, hereditary angioedema; PNH, paroxysmal nocturnal hemoglobinuria; RA, rheumatoid arthritis.

TP10 treatment resulted in a significant improvement of the clinical end-
points in males, no such benefits were observed in female participants.
This surprising gender specificity was confirmed by a subsequent phase
2b study comprising 297 women. Whereas the mechanism governing
these differences is still unclear, effects other than complement inhibi-
tion are likely to be involved. As a consequence, a male-only indication
of TP10 for bypass surgery was considered for clinical phase 3. TP10
also showed promising results in smaller studies of adults undergoing
lung transplants and infants undergoing coronary artery bypass graft
surgery>*. However, Avant Immune has recently decided not to continue
investing in clinical trials of TP10 (ref. 55). It remains to be seen whether
this development will mean the end of sCR1 as a therapeutic compound.
Improvements in the structure (e.g., a reduction of its size) and formula-
tion of sCR1 or an extension of its indications may well lead to its resur-
rection. Although the first steps in this direction have already been taken,
neither TP20 (sCR1 with sialyl Lewis*-glycosylation for targeting sites of
inflammation®®, Avant Immune) nor Mirococept/APT070 (a truncated
sCR1 with a membrane-tethering motif>’, Inflazyme Pharmaceuticals,
Richmond, BC, Canada) has been tested in clinical trials.

Soluble forms of MCP, DAF and CD59 have also been considered as
therapeutics. Whereas DAF and MCP each offer only a single regula-
tory activity, a recombinant chimera of their extracellular parts has been
developed!”. The resulting SDAF-sMCP hybrid was initially named
“complement activity blocker 2” (CAB-2; Xoma, Berkeley, CA, USA) but
entered clinical trials with a new name and licensing partner (MLN-2222;
Millennium, Cambridge, MA, USA). However, no further studies have
been initiated recently. Like Mirococept/APT070, a membrane-tether-
ing sCD59 has been developed by Inflazyme Pharmaceuticals. Although
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Table 2 Complement therapeutics in pre-clinical development

Product (company) Activity

Stage of development

hematopoietic stem cells prevents the proper
biosynthesis of the glycosylphosphatidylinosi-
tol (GPI) anchor, which leads to a deficiency

Protease inhibitors (A)

in membrane-anchored proteins, including

Factor D inhibitors?
(BCX1470 etc.)

Small molecule serine protease
inhibitors
half-life)

Soluble complement regulators (B)

Mostly discontinued (due to
lack of specificity and/or short

DAF and CD59. The lack of efficient inhibi-
tion of complement activation on red blood
cells results in an increase in MAC formation
on erythrocyte membranes and cell lysis. The

sCR1-sLeX/TP-20
(Avant Immunotherapeutics)

sCR1 with sLe*-rich glycosylation
to target sites of inflammation

sCR1 with lipopeptide membrane
linker

Mirococept

(Inflazyme Pharmaceuticals) diseases)

Therapeutic antibodies (C)

Development/preclinical (stroke,
heart attack)

Preclinical (AMI, inflammatory

survival of PNH erythrocytes is dramatically
reduced in PNH patients, to 10% of normal red
blood cells. On platelets, the absence of CD59
and increased MAC formation can lead to mor-

TNX-234 Humanized antibody against
(Tanox) factor D

TNX-558 Humanized antibody against C5a
(Tanox)

TA106 Antibody against factor B

(Taligen Therapeutics)

Antibody blocking the Cba
receptor

Neutrazumab

(G2 Therapies)
Anti-properdin
(Novelmed Therapeutics)

Antibody against properdin

Preclinical (wet AMD)

Development/preclinical
(inflammatory diseases)

Development/preclinical

Development/preclinical
(RA, stroke)

Development/preclinical

phological changes of their surface. These plate-
lets show enhanced susceptibility for activation,
contributing to a high risk of thrombosis in
PNH patients. Until very recently, only support-
ive therapies (blood transfusions, iron therapy,
anticoagulation and others) or allogeneic stem
cell transplantation had been available for the
clinical management of this disease?”.

Given the complement-focused molecu-
lar mechanism of PNH, prevention of MAC
activity evolved as the most promising treat-
ment strategy. Two possible approaches were
identified: substitution of defective CD59 or

Receptor antagonists (E)

HuMax-CD38 Humanized anti-CD38 mAb that Preclinical studies (cancer,
(Genmab A/S) triggers complement multiple myeloma)
Complement component inhibitors (D)

ARC1905 Aptamer-based C5 inhibitor Preclinical (AMD)
(Archemix) (PEG-ylated)

neutralization of complement proteins involved
in MAC formation itself, as in the case of eculi-
zumab. By tightly binding to C5 and preventing

JPE-1375, JSM-7717
(Jerini®)

Small molecule/peptidomimetic
antagonists for C5a receptor

Preclinical (inflammation,
renal and ocular diseasesP)

its cleavage to C5b, this new drug suppresses the
formation of the MAC and reduces the clinical

bOphthalmology compounds are developed further by Jerini Ophthalmic.

not listed in the company’s pipeline, experimental studies were recently
performed to investigate its potential therapeutic usefulness as a treat-
ment option for PNH?®, This rare, genetic, life-threatening blood dis-
order leads to decreased expression of membrane-anchored proteins,
including CD59 and DAF, on erythrocytes. Substitution and membrane
tethering of recombinant CD59 may develop into a promising therapy
for PNH8,

@ © 2007 Nature Publishing Group  http://www.nature.com/naturebiotechnology

Therapeutic antibodies. Following a general trend in the pharmaceuti-
cal industry, antibody-based therapeutics appear to be the most rapidly
growing drug class against complement-related diseases. Crucial devel-
opments in their screening, production and humanization have led to a
remarkable boost in the number of therapeutic antibodies*. By targeting
specific components of the complement system, all stages from the initia-
tion and activation process to single terminal actions can hypothetically
be blocked in a selective manner. Current drug candidates in the pipeline
focus primarily on the inhibition of downstream processes around C5
and its cleavage fragment, the anaphylatoxin C5a.

Selective inhibition of C5 using monoclonal antibodies (mAb) has
been considered a promising therapeutic option for many years. A
highly selective mAb against mouse C5 was introduced by Frei et al. two
decades ago®® and was later demonstrated to be effective in a mouse
model of rheumatoid arthritis by Alexion Pharmaceuticals®!. Continuous
improvement and clinical testing finally led to the FDA approval of ecu-
lizumab?, which is currently the only complement-specific antibody on
the market®2. Eculizumab is the first and only approved therapy for PNH,
a rare but life-threatening disorder that is characterized by a chronic
destruction of red blood cells. A mutation on the X chromosomes of
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symptoms of PNH. Eculizumab (5G1.1-SC) is
a humanized version of the anti-C5 antibody
h5G1.1, which was first described in 1996 (ref.
63). Eculizumab received orphan drug status for PNH from both the FDA
and the EU in 2003, and Alexion Pharmaceuticals subsequently initiated
two phase 3 trials. In both studies, eculizumab was safe and well-tolerated,
and no development of antibodies against the drug was detected. Because
complement inhibition is expected to lead to a higher susceptibility to
infection, particularly with Neisseria meningitidis, all patients had been
vaccinated with a meningococcal vaccine before beginning treatment.
The antibody was clearly effective: 51% of those who received eculizumab
gained independence from blood transfusions (versus 0% in the pla-
cebo group). Both the endogenous erythrocyte mass and the hemoglobin
levels were remarkably higher during treatment than before, and many
symptoms related to quality of life (e.g., fatigue, abdominal pain) were
attenuated. Whereas the preliminary data also indicated a lower risk for
thrombosis, this benefit needs to be confirmed by ongoing clinical tri-
al§25:64,65.

Asan anti-C5 antibody that inhibits the generation of both C5b and the
anaphylatoxin C5a, the potential indications for eculizumab are certainly
not limited to PNH. Consequently, eculizumab has undergone several
preclinical and clinical studies for a variety of conditions (e.g., psoria-
sis, rheumatoid arthritis, systemic lupus erythematosus and transplant
rejection). Even though some of these paths seem to have been discon-
tinued®?, Alexion Pharmaceuticals still performs preclinical development
of eculizumab for autoimmune diseases and transplant rejection.
Furthermore, nebulized eculizumab for the treatment of asthma and
an intravitreal application to treat age-related macular degeneration are
in the company’s pipeline. In the case of pexelizumab, the short-acting
sc-Fv fragment of eculizumab, several phase 3 trials have been done to
test its potential for use in coronary artery bypass graft surgery and acute
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myocardial infarction®. Despite promising pre-
clinical results, however, data from these clinical
trials did not show significant improvement in
the treatment group when compared to the pla-
cebo group®”%8, Alexion Pharmaceuticals has
therefore announced that it plans to focus its
development efforts on eculizumab®®.

The concept of using humanized antibod-
ies (and their fragments) to inhibit certain
steps of the complement cascade seems to be
a very productive strategy. Several compa-
nies list anticomplement antibodies in their
pipelines (Table 2). Two of them target the
various actions of the anaphylatoxin C5a.
Neutrazumab (G2 Therapies, Darlinghurst,
NSW, Australia) binds to extracellular loops of
C5aR and thereby inhibits the binding of C5a
to its major signaling receptor. G2 Therapies
recently announced a partnership with Novo
Nordisk (Bagsveerd, Denmark) with regard to
the development of their anti-C5aR antibod-
ies. Another approach has been taken by Tanox
(now part of Genentech, S. San Francisco, CA,
USA) with their antibody TNX-558, which neutralizes C5a by bind-
ing to the anaphylatoxin itself. Interestingly, TNX-558 binds to a C5a
epitope in native C5 but does not prevent its cleavage. Tanox has also
developed an antibody directed against factor D (TNX-234). Together
with the anti—factor B (TA106 for age-related macular degeneration and
asthma”% Taligen, Aurora, CO, USA) and anti-properdin (Novelmed,
Cleveland, OH, USA) antibodies in development, these biologics may
offer additional approaches for inhibiting complement at the C3 con-
vertase level.

Whereas inhibition of complement activity is the desired outcome in
the vast majority of therapeutic approaches, its local stimulation may be
beneficial in some malignant diseases, such as cancer. Experience with
monoclonal antibodies in cancer therapy suggests that induction of cell
death through antibody-dependent cellular cytotoxicity or complement-

effectiveness (e.g., in the case of the anti-CD20 mAD rituximab from

l, I dependent cytotoxicity (CDC) may be a major driving force behind their

= Roche). However, relatively high antigen densities are required for an effi-

cient initiation of the classical pathway by C1q. Genmab (Copenhagen)
recently described anti-CD20 antibodies with exceptionally high CDC
potency’ 72, Both the location of the epitope as well as the dissocia-
tion rate are apparently responsible for this high level of effectiveness.
Ofatumumab/HuMax-CD20 has been selected for clinical development
and has recently been evaluated in terms of its effectiveness in treating
acute rheumatoid arthritis (phase 2), B-cell chronic lymphocytic leuke-
mia (phase 3) and follicular lymphoma (phase 3). Other antibodies with
high CDC potency against multiple myeloma (HuMax-CD38) or colon,
pancreatic and prostate cancer (HuMax-ZP3) are currently in preclinical
development (http://www.genmab.com/). This strategy is a good example
of how to make use of a more general, nonspecific property and select
and optimize it to obtain the desired clinical effect. Because CDC may
generally be induced by therapeutic IgGs (and IgMs), the CDC activity
of these reagents may become a crucial parameter in the development
of therapeutic antibodies.

Complement component inhibitors. Although antibodies may be con-
sidered the archetype of site-blocking compounds, smaller molecules
such as peptides, nucleotides and synthetic molecules may also have the
potential to interrupt protein functions by steric hindrance or the induc-
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Box 1 Drugs and druggability

For the pharmaceutical industry, the ideal drug is a small molecule featuring high potency,
selectivity, few adverse effects, low production costs and administration in a single daily
oral dose. However, identifying compounds with these properties is challenging, and

drug companies have been confronted with an ever-growing drug attrition rate®”. During
the drug discovery process, molecules that fulfill a set of molecular guidelines for oral
bioavailability, known as the “Rule of 5”98 (RO5; e.g., a molecular weight below 500

Da or a partition coefficient [logP] below 5), are referred to as “drug-like” compounds.
Similarly, this concept can be transferred to the targets of therapeutic intervention.
Druggability refers to disease-related proteins that have the potential to be modulated by
drug-like compounds®”?. Several attempts have been made to predict the druggability of
protein families and to identify promising drug targets. Using the “druggable genome”
approach, the targets of currently marketed drugs have been analyzed and mapped to
protein families, assuming persistent druggability within the family®®. Enzymes are the
predominant class (nearly 50% of the total), followed by G-protein-coupled receptors
(30%) and ion channels (7%). Within the complement cascade, the only targets with
acceptable druggability potential are therefore the serine proteases and the anaphylatoxin
receptors. Considering the large post-translational variability of protein targets and

the increasing market for biopharmaceuticals, expansions of this model, such as the
“pharmaceutically tractable genome,” have recently been suggested100.

tion of conformational changes. Small functional inhibitors of comple-
ment activity are expected to have drug-like properties with enhanced
pharmacokinetic profiles (Box 1). These advantages may make them
suitable for drug development efforts related to oral bioavailability and
better administration routes.

Compstatin is the most developed candidate in this class of substances
and recently entered clinical trials. This cyclic tridecapeptide has been
discovered through screening of combinatorial phage-display libraries”®
in the research group led by one of the authors of this review. It effectively
prevents the cleavage of C3 to its active fragments C3a and C3b and there-
fore inhibits the most central step in the complement cascade. Although
the exact mechanism of compstatin’s inhibitory action has not yet been
resolved, the recent publication of the cocrystal structure between comp-
statin and C3c suggests that a disruption of protein-protein interactions
during convertase formation may be an important determinant’. This
finding has led to the hypothesis that a conformational change or an
interruption in protein-protein interactions is responsible for its activity.
Compstatin has shown effective complement inhibition in a variety of
experimental disease models®*. Despite a narrow selectivity for primate
C3 that may affect preclinical animal experiments’>, its high efficacy
and rather small size make it a promising drug candidate. Its inhibitory
efficacy has been increased by 264-fold**7° through the use of ratio-
nal and combinatorial synthesis, structural analysis, and computational
approaches to identify active analogs. Potentia (Louisville, KY, USA) has
announced the inauguration of clinical trials for the treatment of neo-
vascular age-related macular degeneration by intravitreal application of
a compstatin analog (POT-4).

Combinatorial approaches have also been used to identify a short
aptamer molecule directed against C5 (ref. 78). Aptamers are single-
stranded nucleotide stretches that have molecular recognition properties
similar to those of antibodies, but offer better options for derivatization.
They can be selected in an automated high-throughput process known
as systematic evolution of ligands by exponential enrichment (SELEX)7°.
More than 15 years after the initial description of this method, the first
aptamer-based drug pegaptanib (Macugen; Eyetech Pharmaceuticals/
Pfizer, New York) a PEG-ylated anti—vascular endothelial growth factor
(VEGF) aptamer for the treatment of wet age-related macular degenera-
tion, was approved by the FDA3C. The optimized and heavily modified
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Box 2 Supporting the niches—the Orphan Drug Act

Development of a new drug compound is a challenging and expensive endeavor. The
cost for a newly marketed drug is currently estimated to be in the range of $500 million
to more than $2,000 million!0L, It is therefore understandable that pharmaceutical
companies focus primarily on drugs to treat major diseases with a large market potential
(that is, “blockbuster drugs”). This focus often leaves a painful therapeutic gap for

rare diseases, niche markets or biopharmaceuticals with patent limitations (e.g.,
natural proteins). Compounds that are unprofitable to develop are usually referred to as
“orphan drugs”192, |n an effort to encourage the development of such drugs, several
drug regulation authorities, including the US Food and Drug Administration (FDA),
have initiated special programs such as the Orphan Drug Act (ODA) of 1983 (ref. 103).
Designation of orphan drug status is coupled to a series of financial incentives, the
most important of which is marketing exclusivity for 7 years after drug approval. In
addition, orphan product development grants sponsor clinical trials and close the gap
between basic research and clinical development. Undeniably, the ODA is one of the
most successful recent United States legislative actions and has had a major impact
on the drug market. Twenty years after its enactment, over 1,000 drugs had been
accorded orphan drug status, and more than 200 had been approved for marketing,
thereby improving the clinical situation of an estimated 11 million patients in the
United States alonel®2, Meanwhile, these numbers have grown to 1,750 designated
and 315 marketed orphan drugs (as of October 4, 2007, http://www.fda.gov/orphan/

designat/list.htm). Similar initiatives also exist in other countries and regions (e.g., at the

European Medicines Agency). In the complement field, eculizumab, for the treatment
of paroxysmal nocturnal hemoglobinuria, and C1 inhibitor concentrate, for treatment of
hereditary angioedema, are covered by the ODA. For more information, see http://www.

Selective inhibition of the binding of C5a to
its receptors offers a very promising opportu-
nity for dampening the inflammatory response
without depleting the defensive potential of
complement®*838% The macromolecular bio-
pharmaceuticals we have previously discussed
either inhibit C5a generation (anti-C5 antibod-
ies and aptamers) or neutralize the C5a-C5aR
interaction by shielding the relevant binding
site. C5aR antagonists, on the other hand, are
designed to bind to the receptor with high
affinity without inducing any signaling activity
(Fig.2b). Because only one of the two proposed
binding sites on C5aR has to be targeted for this
purpose®h#4, these antagonists are expected to
be rather small. Simultaneous efforts by many
companies have focused on reducing the func-
tional fragment of C5a to a C-terminal hexa-
peptide, while replacing individual residues to
shift its activity from agonistic to antagonistic.
Cyclization of these hexapeptides not only
allows them to be locked into the desired turn-
conformation but also gives them higher sta-
bility with regard to proteolytic degradation®,

The most promising candidate to emerge,
the cyclic peptidomimetic PMX-53, is cur-

fda.gov/orphan/.

form of the anti-C5 RNA aptamer (ARC1905; Archemix, Cambridge,
MA, USA) features a subnanomolar binding affinity for human C5. It
provides complete blockage of downstream complement activation by
inhibiting the cleavage of C5 into C5a and C5b. A 40-kDa PEG group
has been added to the 5" end to improve its pharmacokinetic properties.
Although ARC1905 was initially developed for use during coronary artery
bypass graft surgery, the recent failure of pexelizumab for this indication
has had a direct impact on the fate of ARC1905. Like compstatin (POT-

=to» 4) and Macugen, the compound is now positioned as an intravitreal

@)
gtreatment option for wet and dry age-related macular degeneration and

is awaiting clinical trials (P. Bouchard, Archemix Corp., personal com-
munication).

Anaphylatoxin receptor antagonists. The proinflammatory activity of
the anaphylatoxin C5a is the driving force behind many complement-
associated disorders. After its liberation from C5, this hormone-like gly-
coprotein binds to two high-affinity receptors, the C5a receptor (C5aR)
and C5L2 (Fig. 2)8l. Most of the proinflammatory signaling seems to
be induced by C5aR, a G-protein-coupled receptor that is expressed
on numerous myeloid (e.g., neutrophils, macrophages) and nonmy-
eloid cells. Despite its similar structure and affinity for C5a, the C5L2
receptor produces a completely different signaling pattern. In plasma,
the activity of C5a is controlled through the removal of the C-terminal
arginyl residue by the plasma enzyme carboxypeptidase N. The resulting
C5adesA18 binds poorly to C5aR but with a high affinity to C5L2. Earlier
reports about binding of C3a and C3a4A"8 to C5L2 have recently been
questioned and require further investigation®!. The differential binding
pattern, as well as reports of the anti-inflammatory activity mediated
by C5L2, has led to the hypothesis that the regulation of C5a involves
a sophisticated feedback mechanism?2%%4, However, other studies have
reported a proinflammatory or C5aR-supporting role for C5L2 (ref. 82),
leaving its exact function a matter of scientific debate.
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rently under development by Peptech®>. With
a molecular size under 1 kDa and a high oral
bioavailability, PMX-53 has many of the desired
features of a designed drug. However, its short half-life of only 70 min
may mean a requirement for frequent, if not continuous, administration.
Although the drug showed high stability in blood, gastric and intesti-
nal contents, it was rapidly degraded by proteolysis in intestinal mucosa
washings. In a phase 1a/2b trial in 21 patients with rheumatoid arthritis,
PMX-53 was orally administered and showed positive trends in many
disease measures. An equally positive result was observed in a phase 1b/2a
trial of topical application of the drug in ten people with psoriasis. In
both studies, PMX-53 was found to be safe and well-tolerated®. Despite
these encouraging results, the short half-life and rapid degradation in
intestinal mucosa of this drug may severely limit its use. It remains to
be seen if Peptech will further develop PMX-53 or initiate new trials
with PMX-205, a similar yet more hydrophobic compound that shows
high potency but a much lower susceptibility to proteolysis than that of
PMX-53 (refs. 86,87).
Given the current uncertainty about the role of the C5L2 receptor,
a critical evaluation of the binding specificity may be an important
requirement for the development of successful C5aR antagonists. Several
companies seem to have promising candidates in preclinical testing. For
example, Jerini has a series of peptidomimetics and small organic mol-
ecules (JPE-1375, JSM-7717) for the treatment of inflammatory, renal
and ocular diseases in preclinical stages (http://www.jerini.com/).

Other concepts. Whereas most of the previously discussed concepts are
designed to inhibit or decrease complement activation, one compound
is intended to boost low complement activity. Approximately 30% of
the human population shows low plasma levels of MBL, making them
more susceptible to infections under immunosuppressive conditions.
Recombinant human MBL (rhMBL; Enzon, Bridgewater NJ, USA)
restores the activity of the lectin pathway and has been found to be
safe and well tolerated®®. It is currently being tested in phase 1b trials as
replacement therapy in people with multiple myeloma who are deficient
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in MBL and undergoing high-dose chemotherapy and stem cell trans-
plants, and in MBL-deficient people undergoing liver transplantation.
Additional approaches such as quenching of exposed thioester groups
of C3b (thioester inhibitors)!” or inhibition of the C1q-IgG interaction
by anionic small molecules (e.g., steroid/triterpenoid sulfates) have been
described®"8° but have not appeared in preclinical settings thus far.

Perspectives and outlook

As is true for complement research itself, the quest for complement-
directed therapeutics has made dramatic changes in direction and
encountered difficult challenges; initial euphoria has given way to a
more realistic view of strategies and aims. Whereas some first-genera-
tion approaches of complement drug discovery have either failed (e.g.,
small-molecule serine protease inhibitors) or are severely struggling (e.g.,
soluble regulators), there are many promising concepts on the horizon
that represent a second generation of complement drugs. Current indica-
tions for complement drugs, such as HAE or PNH, certainly represent
niche markets far away from blockbuster areas. Both eculizumab and the
CI-INH concentrates are protected under the Orphan Drug Act (Box 2),
and their approval is an important step in establishing the concept and
accumulating clinical experience before expanding their indications.

Undeniably, the unsatisfactory results obtained for TP10 and pexeli-
zumab have left a bitter taste and may have had a negative impact on
the field. These disappointments underscore the limitations inherent in
broadly applying complement-specific drugs in inflammatory diseases.
Many of the compounds that have been discontinued were designed to
target multifaceted disorders such as I/R injury. In these disorders, many
parallel mechanisms are involved, and the influence of complement is
still a matter of debate. For such complex indications, the key to success
may be to use complement drugs not as single therapies but (in conso-
nance with their name) as complementary therapies. Clearly, more basic
research and additional tests are required in this context. In cases in which
clear complement targets can be identified (as in HAE or PNH), comple-
ment therapeutics have already been successfully applied.

Several factors are expected to boost the development of complement
therapeutics. In particular, our accumulating knowledge about the exact
role of complement in various diseases will greatly facilitate the identifi-

la.l cation of relevant targets. Even more importantly, crystal structures of a

http://www.nature.com/naturebiotechnology
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number of crucial complement components (e.g., C3 (ref. 90), C3bo192,
=7 C3c%, C3d%, factor B%%, factor D??) have recently been solved and are
available for structure-based design. Genentech has reported a co-crystal
structure of C3b and C3c with the extracellular domain of the mac-
rophage complement receptor CRIg??. The same group recently dem-
onstrated that soluble murine CRIg selectively inhibits the alternative
pathway by competing with C5 for convertase binding, and that it was
effective in mouse models of arthritis®®. Its high selectivity for the alter-
native pathway and the availability of a detailed crystal structure make
CRIg an attractive lead structure and render its further clinical develop-
ment highly likely. Along with the continuous development of established
approaches, the quest for complement therapeutics may get help from an
unexpected source: human pathogens. Staphylococcus aureus (S. aureus)
alone offers several interesting candidates. Among them, the extracel-
lular fibrinogen-binding protein?® and the staphylococcal complement
inhibitor®® of S. aureus have been reported to inhibit the conversion of C3
to C3a and C3b. An understanding of their interaction sites and mecha-
nisms could be applied to developing either potent complement inhibi-
tors or new antibiotics targeting S. aureus. In addition, the chemotaxis
inhibitory protein of S. aureus? has been found to antagonize C5aR and
may therefore serve as a lead structure for novel antagonists.
In many aspects, complement drug discovery illustrates general trends
that are observed in the pharmaceutical industry. Limitations in the
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development of small compounds (e.g., lack of specificity or inability
to disrupt protein-protein interactions) and improved technology and
safety in the production of natural macromolecules has led to a growing
market for these biopharmaceuticals. An analysis of the compounds indi-
cates that they almost exclusively represent large proteins and nucleotides,
or that they have been developed from peptides. Furthermore, major
pharmaceutical companies tend to outsource early drug discovery phases
to academic institutions and small startup companies. Partnerships with
major pharmaceutical companies are usually only sealed after clinical
trials have begun (often after phase 1/2). Indeed, many of the promising
complement drug candidates (e.g., compstatin and PMX-53) were ini-
tially developed in the academic field and further developed by biotech-
nology companies. Such partnerships have already been established in the
case of ofatumumab (Genmab/Glaxo), pexelizumab (Alexion/Procter &
Gamble, Cincinnati, OH, USA) and neutrazumab (G2 Therapies/Novo
Nordisk).
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